One-and two-dimensional hydrodynamical simulations of the neutrino-driven supernova explosion of a 15 M J star are performed for the phase between stagnation of the prompt shock and 1 s after core bounce. Variation of the neutrino () fluxes from the sphere shows that explosion energy and timescale, initial proto-neutron star mass, and explosive nucleosynthesis of Fe group elements depend sensitively on the strength of the heating during the first few 100 ms after shock formation. Convective overturn in the -heated region behind the shock is a crucial help for the explosion only in a narrow window of luminosities. Here powerful explosions can be obtained only in the multidimensional case, primarily because the overturn increases the efficiency of energy deposition by allowing cool postshock matter to penetrate inward to the region of strongest heating, while heated gas can quickly rise outward, thus reducing its energy loss due to reemission of neutrinos. This interpretation is supported by the different increase of the explosion energy with time in one-and two-dimensional models. For higher core fluxes spherically symmetrical models also yield energetic explosions, while for lower luminosities even with convection, no strong explosions occur.
INTRODUCTION
There is a variety of observational hints that large-scale mixing processes occurred and played an important role in SN 1987A even during the early phase of the explosion. X-rays (e.g., Dotani et al. 1987; Sunyaev et al. 1987 ) and ␥-rays (e.g., Matz et al. 1988; Mahoney et al. 1988 ) from the decay of 56 Ni and 56 Co and strongly Doppler-shifted, infrared emission lines of iron (e.g., Erickson et al. 1988; Haas et al. 1990 ) were observed at a stage when Ni and Fe should have still been obscured by the overlying, expanding material of the progenitor star. This indicated that radioactive elements must have been mixed out with very high velocities from the place of their formation near the center of the supernova far into the stellar mantle and envelope. The structure of the infrared emission lines was interpreted as an indication that Fe-peak elements were mixed outward macroscopically and inhomogeneously in the form of 160 -100 identical clumps (Li, McCray, & Sunyaev 1993) .
The smoothness of the light curve of SN 1987A provided indirect evidence for the existence and strength of the mixing. Mixing of hydrogen toward the center helps to explain the smooth and broad light-curve maximum by the time spread of the liberation of recombination energy (Shigeyama & Nomoto 1990) ; mixing of heavy elements into the H-rich envelope homogenizes the opacity and again smooths the light curve (Arnett et al. 1989a and references therein). Moreover, the observation of a large number of fast-moving, young pulsars (Lyne & Lorimer 1994 ) might indicate the existence of violent, aspherical processes in the early moments of the supernova explosion when the neutron star is formed. Large, dense explosion fragments seen on ROSAT X-ray images outside of the shock front in the Vela supernova remnant (Aschenbach, Egger, & Trümper 1994) possibly also originate from such early instabilities.
Numerical simulations of Rayleigh-Taylor (RT) instabilities at the metal-He and He-H interfaces of the progenitor star after shock passage (e.g., Arnett, Fryxell, & Müller 1989b; Den, Yoshida, & Yamada 1990; Herant & Benz 1991) 
L109
the observed high velocities and large scales of inhomogeneities and anisotropies (Müller, Fryxell, & Arnett 1991) . This inspired multidimensional calculations of the early phases of the supernova explosion, i.e., core collapse, shock formation, and heating phases. Spherically symmetrical models had indeed shown that convectively unstable layers are present in the collapsed stellar core after formation and propagation of the prompt shock (Burrows & Lattimer 1988 ). Theoretical considerations confirmed the possible importance of overturn and mixing in these layers for the evolution of the shock (Bethe 1990 ). Herant, Benz, & Colgate (1992) first demonstrated by means of a hydrodynamical simulation that turbulent overturn occurs in the -heated layer outside of the neutron star and helps the stalled shock front reexpand because of energy deposition. Although the existence and fast growth of these instabilities was confirmed by Janka & Müller (1993) , Miller, Wilson, & Mayle (1993) , Shimizu et al. (1994) , and , the simulations indicated a strong sensitivity to the conditions at the proto-neutron star and to details of the description of interactions and transport. Since knowledge about equation of state (EOS) and opacities of dense matter is incomplete (e.g., Raffelt & Seckel 1994; Keil, Janka, & Raffelt 1995) , the influence of a contraction of the nascent neutron star and of the size of the fluxes on the explosion has to be tested systematically.
MULTIDIMENSIONAL MODELS OF THE EXPLOSION
We report the main results of one-and two-dimensional (Newtonian) models with different core luminosities and fixed or contracting inner boundary which is placed somewhat inside the sphere and used instead of simulating the evolution of the very dense neutron star interior. This gives us freedom to choose the core fluxes at the lower boundary and enables us to follow the two-dimensional runs until 11 s after core bounce with ᏻ(10 5 ) time steps and an acceptable computation time. Our simulations start at 125 ms after shock formation from an initial model evolved through core collapse and bounce by Bruenn (1993) . Boundary motion, luminosities of all kinds of neutrinos, and nonthermal spectra are time dependent and mimic the behavior in Bruenn (1993) and in Newtonian computations by Bruenn et al. (1995) . Except for Doppler-shift and gravitational redshift, the fluxes are kept constant with radius and do not include accretion luminosity. Neutrinos interact with matter by scattering on e H , n, p, ␣, and nuclei, by pair processes, and e and e also by ␤ reactions. The reaction rates are evaluated by using Monte Carlocalibrated variable Eddington factors that depend on the gradient at the neutron star surface. Inside the sphere, reactive equilibrium between neutrinos and matter can be established. Our EOS describes e H as arbitrarily relativistic, ideal Fermi gases and n, p, ␣, and a representative nucleus as ideal Boltzmann gases in nuclear statistical equilibrium (NSE) (good at = 5 ϫ 10 13 g cm Ϫ3 for relevant T). Twodimensional computations are performed with the Eulerian PROMETHEUS code (1Њ resolution; 400 ϫ 180 zones); onedimensional runs are performed with a Lagrangian method (details in Janka & Müller 1995a) .
Our approach and aims differ from those of other recently published two-dimensional supernova models (Herant et al. 1994; Burrows, Hayes, & Fryxell 1995) that included the central, high-density part of the neutron star but in which the evolution was followed only until 1100 -200 ms after core bounce and quantitative information about the dependence of the results on uncertain aspects of the input physics and the numerical description was not provided.
RESULTS

One-dimensional Model s
The evolution of the stalled, prompt shock in one-dimensional models turns out to be extremely sensitive to the size of the luminosities and to the corresponding strength of heating exterior to the gain radius. In models with successively higher core fluxes, the shock is driven farther and farther out to larger maximum radii during a phase of 1100 -150 ms of slow expansion. Nevertheless, it finally recedes again to become a standing accretion shock at a much smaller radius. For a sufficiently high threshold luminosity, however, heating is strong enough to cause a successful explosion. For even higher fluxes, the explosion develops faster and gets more energetic. In case of our 15 M J star with 1.3 M J Fe core (Woosley, Pinto, & Ensman 1988) , we find that explosions occur for e and e luminosities above 2.2 ϫ 10 52 ergs s Ϫ1 in case of a contracting inner boundary (to mimic the shrinking proto-neutron star) but of only 1.9 ϫ 10 52 ergs s Ϫ1 when the radius of the inner boundary is fixed.
The transition from failure to explosion requires the luminosities to exceed some threshold value. However, this is not sufficient. High energy deposition has to be maintained for a longer period of time to ensure high pressure behind the shock. If the decay of the fluxes is too fast, e.g., if a significant fraction of the luminosity comes from emission by spherically accreted matter, which is shut off when the shock starts to expand, then the outward shock propagation may break down again, and the model fizzles. Continuous shock expansion needs a sufficiently strong push from the -heated matter until the material behind the shock has achieved escape velocity and does not need pressure support to make its way out.
This contradicts a recent suggestion by Burrows & Goshy (1993) that the explosion can be viewed at as a global instability of the star that, once excited, inevitably leads to an explosion. The analysis by Burrows & Goshy may allow one to estimate the radius of shock stagnation when stationarity applies. The start-up phase of the explosion, however, can hardly be described by steady state assumptions because the timescales of shock expansion, of cooling and heating, and of T and changes between neutron star and shock are all of the same order although long compared to the sound crossing time and (possibly) shorter than the characteristic times of luminosity changes and variations of the mass accretion rate into the shock. In particular, because of the high sound speed and rather slow shock expansion, the shock propagation is very sensitive to changes of the conditions in the -heated layer. A contraction of the neutron star or enhanced cooling of the gas inside the gain radius accelerates the advection of matter through the gain radius and reduces the time the postshock material is heated. This is harmful to the outward motion of the shock, just as a moderate decline of the fluxes can be.
Two-dimensional Model s
In spherical symmetry the expansion of the -heated matter and of the shock can occur only when the overlying material is also lifted in the gravitational field of the neutron star. In the multidimensional case this is different. Blobs and lumps of heated matter can rise by pushing colder material aside, and cold material from the region behind the shock can get closer to the zone of strongest heating to absorb energy readily. Also, when buoyancy forces drive hot matter outward, the energy loss by reemission of neutrinos is significantly reduced. Thus, overturn of low-entropy and high-entropy gas increases the efficiency of energy deposition outside the gain radius and already leads to explosions in two dimensions for lower fluxes than in the spherically symmetrical case. Our models, however, do not show the existence of a ''convective cycle'' or ''convective engine'' (Herant et al. 1994 ) that transports energy from the heating region into the shock. The matter between proto-neutron star and shock is subject to strong heating and cooling, and our high-resolution calculations reveal a turbulent, unordered, and dynamically changing pattern of rising and sinking lumps of material with very different thermodynamical conditions and no clear indication of inflows of cool gas and outflows of hot gas at well-defined thermodynamical states.
Two-dimensional models explode for core luminosities that cannot produce explosions in one dimension. There is a window of fluxes with a width of 120% of the threshold luminosity for explosions in one dimension, in which convective overturn between gain radius and shock is a significant help for shock revival. For lower fluxes even convective overturn cannot ensure strong explosions, but the explosion energy gets very low. We do not find a continuous ''accumulation'' (Herant et al. 1994 ) of energy in the convective shell until an explosion energy typical of a Type II supernova is reached. For fluxes that already cause powerful explosions in one dimension, turbulent overturn occurs but is not crucial for the explosion. In fact, in this case the fast rise of bubbles of heated material leads to a less vigorous start of the explosion and to the saturation of the explosion energy at a somewhat lower level (Fig. 1) . The explosion energy, defined as the net energy of the expanding matter at infinit y, does not exceed 10 50 ergs earlier than after 1100 ms of heating. This is the characteristic timescale of neutrinos for transferring an amount of energy to the material that is roughly equal to its gravitational binding energy, and it is also the timescale that the convective overturn between gain radius and shock needs to develop to its full strength. It is not possible to determine or predict the final explosion energy of the star from a short period of only 100 -200 ms after shock formation. Typically, the increase of the explosion energy with time does not level off before 400 -500 ms after bounce and is followed by only a very slow increase because of the much smaller contributions of the few 10 Ϫ3 M J of matter blown away from the protoneutron star in the neutrino wind (Fig. 1) . Since the wind material is heated slowly and can expand as soon as the internal energy per nucleon roughly equals its gravitational binding energy, the matter does not have a large kinetic energy at infinity.
Although the global evolution of powerful explosions in two dimensions, i.e., the increase of the explosion energy with time, the shock radius as a function of time, or even the amount of 56 Ni produced by explosive nucleosynthesis, is not much different from energetic explosions of spherically symmetrical models, the structure of the shock and of the thick layer of expanding, dense matter behind the shock clearly bears the effects of the turbulent activity. The shock is deformed on large scales, and its expansion velocity into different directions varies by 120%-30%. The material behind the shock reveals large-scale inhomogeneities in , T, entropy, and velocity, these quantities showing contrasts of up to a factor of 3. The typical angular scale of the largest structures is 130Њ-45Њ. We do not find that the turbulent pattern tries to gain power on the largest possible scales and to evolve into the lowest possible mode, l ϭ 1 (Herant et al. 1992 (Herant et al. , 1994 . Turbulent motions are still going on in the extended, dense layer behind the shock when we stop our calculations at 11 s after bounce. We consider them as the possible origin of the anisotropies, inhomogeneities, and nonuniform distribution of radioactive elements that were observed in SN 1987A. The contrasts behind the shock are about an order of magnitude larger than the artificial perturbations that were used in hydrodynamical simulations to trigger the growth of RT instabilities in the stellar mantle and the envelope.
From Core Bounce to 1 Second
Convective overturn outside of the proto-neutron star develops within 150 -100 ms after shock formation. About 200 -300 ms after bounce, neutrinos have deposited a sizable amount of energy in the material below the shock front. The turbulent layer begins to move away from the region of strongest heating and to expand outward behind the accelerating shock. At this time turbulent activity around the proto-neutron star comes to an end. An extended phase of convection and accretion outside the proto-neutron star does not occur. Inflows of low-entropy, p-rich gas from the postshock region toward the -heated zone are not accreted onto the neutron star. Although the gas loses lepton number while falling in, it does not get as n-rich as the material inside the gain radius. In addition, heating and mixing with the surrounding, high-entropy gas increase the entropy in the downflows. Both high electron (proton) concentration and high entropy have a stabilizing effect and prevent the penetration of the gas through the gain radius into the cooler and more n-rich surface layer of the proto-neutron star.
At 1400 -500 ms the proto-neutron star has become quite compact, and the density outside has dropped appreciably. No. 2, 1995 FIRST SECOND OF TYPE II SUPERNOVA L111
This indicates the formation of the high-entropy, low-density ''hot bubble'' region (Bethe & Wilson 1985) and the phase of small mass loss from the nascent neutron star in the -driven wind, accompanied by slowly increasing entropies. The wind accelerates because of the steepening decline away from the shrinking neutron star. The faster expansion and push of the wind create a inversion between the massive, slow, inert shell behind the shock and the evacuating hot bubble region. Around the time the outgoing supernova shock passes the entropy and composition step of the Si-O interface at 15700 km, this inversion steepens into a strong reverse shock that forms a sharp discontinuity in the neutrino wind, slowing down the wind expansion from Ͼ2 ϫ 10 9 cm s Ϫ1 to few 10 8 cm s Ϫ1 (Fig. 2) . Since the velocities of the wind and of the layer behind the shock decrease with time, it is possible that this reverse shock will trigger fallback of a significant fraction of the matter that was blown out in the neutrino wind. Once the infall of the outer wind material is initiated and the pressure support for the gas farther out vanishes, inward acceleration might even enforce the fallback of more slowly moving parts of the dense shell behind the supernova shock. Fallback of a significant amount of matter, 10.1-0.2 M J , has to be postulated to solve two major problems in the current supernova models. On the one hand, because of the fast development of the explosion and the lack of an extended accretion phase, the proto-neutron star formed at the center of the explosion has quite a small (initial) baryonic mass, only 11.2 M J in case of our 15 M J star with 1.3 M J Fe core. On the other hand, the yields of Fe-peak elements by explosive nucleosynthesis are incompatible with observational constraints for Type II supernovae as deduced from terrestrial abundances and galactic evolution arguments. In the case of powerful explosions with energies of 1-1.3 ϫ 10 51 ergs, material of 10.2 M J is heated to T Ͼ 4.5 ϫ 10 9 K and is ejected behind the shock during the early phase of the explosion. Only roughly half of this matter, 0.085-0.1 M J , has an electron fraction Y e Ͼ 0.49 and will end up with 56 Ni as the dominant nucleosynthesis product. In that respect the models seem to match the observations quite well. Yet, only some part (10.05 M J ) of the matter that is shock heated to T Ͼ 4.5 ϫ 10 9 K has Y e ? 0.495 and will end up with relative abundance yields in acceptable agreement with solar system values. The amount of 56 Ni produced in -driven explosions turns out to be correlated with the explosion energy. In case of more energetic explosions, the shock is able to heat a larger mass to sufficiently high T.
DISCUSSION AND CONCLUSIONS
Turbulent overturn between the zone of strongest heating and the supernova shock aids the reexpansion of the stalled shock and is able to cause powerful Type II supernova explosions in a certain, although rather narrow, window of core fluxes in which one-dimensional models do not explode. The turbulent activity outside and close to the proto-neutron star is transient, and between 300 and 500 ms after core bounce the (essentially) spherically symmetrical neutrino wind phase starts, and the turbulent shell moves outward behind the expanding supernova shock. Our two-dimensional simulations do not show a long-lasting period of convection and accretion after core bounce. Only very little of the cool, low-entropy matter that flows down from the shock front to the zone of energy deposition is advected into the proto-neutron star surface. Since the matter is p rich and its entropy increases quickly because of heating, it stays in the heated region to gain more energy by interactions and to start rising again. The strong, large-scale inhomogeneities and anisotropies in the expanding layer behind the outward-propagating shock front will probably help to explain the effects of macroscopic mixing seen in SN 1987A and can account for neutron star recoil velocities of a few 100 km s Ϫ1 (details in , 1995b .
Although the models develop energetic explosions for sufficiently high luminosities and produce an amount of 56 Ni that is in good agreement with observational constraints, the initial mass of the proto-neutron star is clearly on the low side of the spectrum of measured neutron star masses. Moreover, the models eject 10.1-0.15 M J of material with Y e Ͻ 0.495, which implies an overproduction of certain elements in the Fe peak by an appreciable factor compared with the nucleosynthetic composition in the solar system. The fallback of a significant fraction of this matter to the neutron star at a later stage would ease these problems. It is possible that the reverse shock that develops in our models will trigger this fallback on a timescale of seconds. Because of the strong inhomogeneities in the dense layer behind the shock, this fallback could happen with considerable anisotropy and impart an additional kick to the neutron star (Janka & Müller 1995b) .
We are indebted to S. Bruenn for providing us with the data of his core collapse calculations, which we used as initial models. 2. -Formation of the reverse shock in a one-dimensional model with explosion energy 110 51 ergs. The evolution of two-dimensional models looks very similar in angle-averaged quantities, but the dense shell behind the shock is inhomogeneous and turbulent. The entropy profile (dash-dotted line) is given at the start of the simulation (125 ms after shock formation), the density profiles (dotted lines) 378.4 ms and 927.2 ms later, and the velocity (solid lines) at 378.4, 489.2, 590.7, 686.0, 777.3, and 927.2 ms, respectively.
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